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The development of new procedures to determine the amount and/or
types of sulfur in coal and coal products is an ongoing process for coal
scientists This development is driven by the problems and inconveniences of
the current ASTM methods In this thesis, the work done at Western Kentucky
UnHersity in the development of two new sulfur determination procedures will
be described. The first procedure can be used as an alternative method for coal
sulfur forms analysis with results comparable to the ASTM method. Th.s
procedure involves heating tne coal samples at 3650C and 4400C for thirty
minutes to selectively remove sulfur forms from the coal The difference in the
amount of sulfur remaining in the residues is the amount of pyritic sulfur in the
coal This value, along with the ASTM D 2492 sulfate sulfur value can be used
to calculate the amount of organic sulfur present in the coal. The second
procedure described is an alternative method for measuring the amount of
sulfur in coal ash. This method involves standardizing a Leco SC-432 sulfur
analyzer using iron(II) ammonium sulfate and a modified weight method. The
ash sample is then mixed with a carbon promoter and the total sulfur present in
the ash determined. The problems encountered in the development of these
two procedures and the advantages of these methods compared to the current
ASTM procedures will be discussed.
I INTRODUCTION
A function of the American Society for Testing an.] Materials, ASTM is to
standardize the methods of analysis used by laboratories. This function allows
the test results from many different laboratories to be accurately compared with
each other. To this end. ASTM produces copies of the methods that are
currently accepted by the Society. The standard methods, however, are not
without serious problems and complications; thus there is a need for revision
and sometimes replacement of a method with a newer procedure. Two specific
procedures which need this revision or replacement are :he coal sulfur forms
determination proceaure. ASTM D 2492 -Test Method fci Forms of Sulfur in
Coal," and the sulfur 'n ash determination procedure, ASTM D 1757 "Test
Methods for Sulfur in Ash from Coal and Coke." in this section of the thesis,
information about the forms of sulfur in coal, the source of sulfur in coal ash, the
currently accepted ASTM procedures for determination of forms of sulfur and
sulfur in ash, the problems associated with these methoas, and proposed
alternatives/improvements to the ASTM methods will be describea.
A. Forms of Sulfur in Coal
The sulfur in coal is classified as one of three major forms: sulfate, pyrite,
or organic. In the following subsections each of these major classifications will
be discussed in terms of ‘Ahat are the sources of that form of sulfur, how much of
it is present in the coal. what are the effects of that form on the use of the coal.
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what effect cleaning operatior is have on coat form and where appropriate
modei compounds that can be used in the study of that form of sulfur
Inorganic Sulfates
One of the most common forms of sulfate sulfur in coal is iron(li,
heptahydrate The source of - te anions is thought to be the marine v\..
present in the swamp when the cos)-forming material was laid down. The
source of iron is thought to be thE ,ay minerals that form the bottom of the
swamp.1 The salt is believed to form during the anaerobic decomposition or
biochemical (biogenesis) stage of coalification.2 The sulfate sulfur accounts for
only a small percentage of the total sulfur in the coal, usually less than 0.2%
and sometimes just a few hundredths of a percent. An important exception to
the above description is severely weathered coals. In these coals the oxidation
process has converted some of the pyritic sulfur to sulfates, especially near the
surface of the coal. This oxiaation results in samples which can have up to 0.5-
0.6% more sulfate sulfur than the freshly mined coal Regardless of the source,
this form of sulfur is easily removed by traditional physical cleaning methods.
2_ Pyrites
The term pyrite when used in this context refers to two different forms of
FeS2. which are pyrite. the cubic structure, anc marcasite, the orthorhombic
structure.3 There are two sources of these compounds in coal: one resulting
from processes occurring early in the coalification process arci one from the late
stages of the coalification process. Pyrites formed early in the coalification
process (biogenesis stage) tend to be more tightly held by the coal matrix and
are, therefore. much more difficult to remove. This type of pyrite is thought to be
formed from suffices produced by anaerobic bacteria reducing sulfate anions
from the marine water that is present ana sulfur containing materials from the
5
plant remains that are present in the swamp ' Pyrites from processes occurring
late in the coalificationprocess (metamorphic stage) tend to be laid down
between the coal layers T,:e source of this pyrite is sed:mentary sulfur
containing material from marine floods of the swamp.4 Tnis form of pyrite !s
easily removed using traditional physical cleaning techniques.
Pyrite, in both forms usually makes up between twenty and fifty percent
of the total sulfur in the coal, with some estimates indicatng that the percentage
can be as high as eighty in selected coals. The amount of pyritic sulfur found in
coals is dependent on many different factors and, because of this, predictions
about how much pyrite is in a coal based on its rank, mining conditions, etc.
cannot be conclusively made.5
It is necessary to mention some other, and iess important, inorganic
sulfur-containing compounds that have been identified in coal. This list
includes the minerals pyrrhotite (FeS), sphalerite (ZnS), and chalcopyrite
(CuFeS2) that are thought to have been laid down with tne coal.6 Elemental
sulfur can also be found in coals due to the oxidation of other sulfur containing
materials present in the coa1.7
3. Organic Sulfur
The organosulfur compounds, which generally account for between
thirty-three and fifty percent of the total sulfur, are usually split into two groups
based on their structure. Aliphatic sulfur compounds such as thiols, sulfides,
cyciosulfides, and disuif ides comprise the first group, and aromatic (thiophenic)
sulfur containing compounds are the second group. There has been much
work done to determine what specific compounds might be responsible for
these two groups. That work, which includes coal liquefaction, degradation,
6
pyrolysis, and extraction experiments, has resulted in hundreds of organic suifu'
containing compounds being identified and several model compounds being
proposed and studied Some of the model compounds are shown below in
Figure 1 8.9,10
Thiophene 2,3-Benzothiophene Dibenzothiophene Diphenyl sulfide
Figure 1. Sulfur-Containing Model Compounds for Coal
It is believed that the aromatic, thiophene-based compounds are the
most abundant type of organic sulfur, making up approximately sixty percent of
the organic sulfur.11 Of the two types, the thiophenic sulfur containing
compounds are the most stable, therefore, they are harder to remove using
current coal cleaning techniques than are the aliphatic sulfur containing
compounds. However, both types are not as easily removed as the sulfate and
pyritic sulfur forms Jue to the fact that tne organic groups are chemically bonded
to the coal matrix as shown in the model of the coal matrix given in Figure 2,12
The source of organic sulfur comr-,unds is not as well understood as the
sources of pyritic and sulfate sulfur. It is tnought that bacterial reduction plays
an important role in organic sulfur formation, especially in marine v, -.1:er
influenced and calcium rich swamps which are known to contain larger
amounts of sulfates and bacteria. As with pyrite sulfur, an additional source of
sulfur containing materials is the plant matter that was 1E6d down during the
early stages of the coalification process.13
Figure 2. Wiser Model for the Structure of the Coal Matrix
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Just as with pyritic sulfur content, the multitude of important factors that
must be considered does not allow for easy prediction of the amount of organic
sulfur in coal This latter fact, cpupled with the fact that organic sulfur cannot be
easily removed and measured has resulted in many attempts at developing a
reliable method for the direct determination of the amount of organic sulfur in
coal. Several of these attempts at determining organic sulfur, as well as
attempts to develop a new sulfur forms analysis methods and the currently
accepted forms of sulfur determination method, will be discussed in the next
section.
B. Current Methods for Coal Sulfur Forms Determination
1. ASTM Methods of Total Sulfur Determination
An essential part of forms of sulfur analysis is the accurate determination
of the total sulfur present in the coal sample. Currently there are five available
methods that are accepted as standards by ASTM. These methods are
described in ASTM D 3177, "Total Sulfur in the Analysis Sample of Coai and
Coke, and ASTM D 4239, "Sulfur in the Analysis Sample of Coal and Coke
Using High-Temperature Tube Furnace Combuston Methods." The standard
D 3177 contains two methods, Eschka and bomb washing. The Eschka
method, which historically has been the procedure that all other methods were
compared to, involves mixing the sample with Eschka's Mixture (two parts
magnesium oxide with one part anhydrous sodium carbonate) and heating to
8000C +/- 250C in a furnace. As the sample is heated the sulfur containing
compounds are trapped by the Eschka s Mixture as magnesium sulfate and
sodium sulfate. The residue is then extracted with hot water and filtered to
collect the water soluble sulfate salts that formed during the heating. The
9
sulfate anions are then precipitated by adding 10 milliliters of a 0.4 M banum
chloride solution After allowing time for crystal growth. the barium sulfate is
collected by filtration. The amount of barium sulfate collected is then calculated
back to the amount of sulfur in the coal since it is assumed that all sulfur
compounds are converted to sulfates during the heating process.
chemicalequations for these conversions are given below_
The
2 SO2 + 02 + 2 MgO  > 2 MgSO4 (1)
MgSO4 + Baa2  > BaSO4 s + MgCl2 (2)
2 SO2 + 02 + 2 Na20  > 2 Na2SO4 (3)
Na2SO4 + BaC12  > BaSO4 (s) + 2 NaC, (4)
There are several problems associated with the Eschka method for total sulfur
determination. One of these problems is the loss of sulfur dioxide, and
consequently sulfur, if the heating rate is not controlled exactly. In this situation,
the sulfur is oxidized to sulfur dioxide faster than it can be absorbed by the
Eschka's mixture A second problem is related to the oanum sulfate precipitate
that must be collected at the end of the procedure. This precipitate can be
extremely hard to filter due to the small size of the crystals. A third problem that
has been identified, which is also related to the barium sulfate precipitate, is the
difficulty in removing impurit es from the barium sulfate crystals. A fourth
concern is the large amount of time required to complete the anaiysis.14 5 16
The bomb wash method included in the standard involves using the
washings from an oxygen-bomb calorific value determination to measure the
amount of sulfur in the coat. Specifically, after the titration to determine the acid
correction factor for the heating value, dilute ammonium hydroxide s added to
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adjust the pH value to between 5.5 and 7.0. The result of this adjustment is to
remove interfering iron ions from the solution by precipitating them as the
hydroxide salt. The sample is then filtered and the filtrate treated as in the
Eschka method described above. A problem associated with the bomb
washing method of total sulfur determination is the loss of sulfur dioxide from
the combustion vessel when the pressure is being released. Other problems
that have been identified are related to the barium sulfate precipitate as nave
been described previously in this section.17
The standard D 4239 contains three methods for total sulfur
determination. All three methods heat the coal in a furnace at 13500C to
convert the sulfur containing compounds to sulfur oxides (typically sulfur
dioxide). The amount of sulfur dioxide produced is then determined by one of
three possible alternatives. The first of the alternatives involves collecting the
sulfur dioxide as sulfuric acid by passing the furnace exhaust gas through a
solution of thirty percent hydrogen peroxide. The sample is then titrated with
0.05 M sodium hydroxide to determine the amount of acid, and therefore the
amount of sulfur present. The problem identified in this acid-base titration
method is the interference from chlorine and r:trogen re-suiting in high values
for the total sulfur. This problem can be corrected for if the amount of chlorine
and nitrogen in the sample are known. The interference observed is that both
chlorine and nitrogen are converted to acids when the exhaust gas is bubbled
through the hydrogen peroxide solution.18
The second alternative given in D 4239 is the use of an iodimetric
detection procedure. This procedure requires that the combustion gases from
the furnace be bubbled through a solution of pyridine mixed with water and
methanol. The sulfur oxide gases which are trapped by this solution are then
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determined by titration with a solution containing iodine. pyridine, methanol,
and water. This process is based on modified Karl Fischer titration procedures.
The equations for this procedure are given below.
SO2 + C5H5N-12 + 2 C5H5N + H20 > 2 C5H5NH+I- + C5H5N-S03 (5)
C5H5N-S03 + CH3OH  > C5H5N(H)SO4-CH3 (6)
The major trouble identified with the iodimetric titration procedure is the cost
and danger of the chemicals used in the method.15:19
The third alternative is to use infrared absorption procedures to measure
the amount of sulfur dioxide in the combustion gases. The measuring is done
by tuning the infrared radiation source and detector to a frequency absorbed by
the sulfur dioxide; then, as the gases pass through the cell, some of the
radiation is absorbed by the sulfur dioxide. The decrease in radiation reaching
the detector is then measured and related to the amount of sulfur in the sample.
No serious problems have been associated with this method of measuring the
sulfur in coal. A diagram of this instrument is shown in Figure 3.2021
There are other methods for total sulfur determination that have been
proposed in an attempt to correct deficiencies that have been identified in the
AS1 --:ards. The more important of these have been described by Gary
Ruba -nests and will not be repeated in this paper.22 The focus of this
now be directed toward the methods. accepted and proposed, for
coal sulfur forms determination
2. ASTM Method for Coal Sulfur Forms Determinatio'
The currently accepted method for forms of sulfur le!,7 -riirlation is ASTM
D 2492. In this method the sulfate sulfur 's determined by extracting the coal
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Figure 3. Diagram of an Instrument for Infrared Determination
of Sulfur Dioxide in Coal Combustion Gases
1•1
trien removed from the extract by precipitation with concentrated ammonium
hydroxide , 14 9 M). The sulfate is then precipitated by adding 10 milliliters of a
0.4 M narium chloride solution. The precipitate is allowed to stand overnight to
ensure large enough crystals are present for filtration. After filtration, the
ar.,ourt of precipitate collected is determined by ashing the filter paper and,
finally, the amount of barium sulfate collected is related back to the amount of
sulfate sulfur in the coal
The procedure for the determ.nat!on of pyritic sulfur uses the coal residue
from the sulfate sulfur extraction. This residue is extracted with 2 M nitric acid
and the extract solution analyzed by atomic absorption spectrometry or
inductively coupled plasma spectrometry to determine the amount of iron
present. Since all iron remaining in the residue after the sulfate extraction is
assumed to e in the pyrite form, the amount of pyritic sulfur can be calculated
from the amount of iron. The sum of the sulfate and pyritic sulfur values is then
subtracted from the total sulfur to obtain the percent of organic sulfur that is
assumed to be in the coal. The equation for this calculation is shown below 23
So = S Sa + SS)
where So = organic suitur
S- = tota sulfur
SP = pyrit.c sulfur
Ss = sulfate sulfur
A flow chart description of this method is shown in Figures 4-6.
Other methods for forms of sulfur determination have been proposed in
the past several years. Additionally, several procedures for the determination of
a specific form of sulfur in coal have been proposed A brief description of the
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Assume pyritic iron is equivalent to the pyritic sulfur.
Figure 5. Flow Chart for ASTM D 2492 Method (pyritic sulfur determination)
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Figure 6. Row Chart for ASTM D 2492 Method (alternative procedure)
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3 Proposj Methods for Coal Sulfur Forms Determination
The determination of suif ate Ifu n coal as described in D 2492 has
generally received little attention n terms of variations or improvements Gary
Ruba mentions titrimetry turbidimetry. and ion exchange procedures as
possible alternatives, but none have gained populanty.24
While the sulfate sulfur determination has gone relatively unstudied, the
determination of pyrite, and especially the direct determination of it. has been
studied extensively. A method that seems to hold some measure of promise is
the use of Mossbauer spectroscopy or nuciear gamma ray spectroscopy In this
method, iron-57 atoms are excited by the radioactive decay of cobalt-57 atoms
contained in a platinum matrix. As these atoms return to their ground state, they
emit photons with 14.4 KeV of energy. The amount of photons produced by the
sample is then related back to the amount of iron in the sample and, finally, the
amount of pyritic sulfur. A discussion of several projects and the results
obtained using this method can be found in Ruba's thesis. No significant
problems have been associated with the use of Mossbauer
spectroscopy .25 26,27
A second possible method for direct pyrite determination is iow
temperature ashing procedures which use an oxygen plasma to oxidize the
organic matrix of the coal and theoretically leave the "mineral matter in the coal
unaltered This method appears to hold very little promise due to two significant
problems. First, the time for the analysis of a sample is three to four days, and
second, the mineral matter is altered by the process. In particular, pyrites and
some organic sulfur containing compounds are partially oxidized to sulfates at
the conditions necessary for the analysis.28,29
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Other possible alternatives are the use of x-ray fluorescence and x-ray
diffraction procedures These methods are less developed than the other
alternatives, but they are being pursued. The problems that must be overcome
for these techniques to be successful are the heterogeneous nature of the coal.
the numerous background interferences, lack of adequate standards, and cost
of the instrumentation.30 Selective oxidation of pyrite with hydrogen peroxide is
another alternative that has been proposed. However, several problems with
this procedure have been identified and discussed -- specifically. sulfate
interferences and the possible oxidation of organic sulfur compounds.31
The development of a method for the direct determination of organic
sulfur in coal is a topic that, like direct determination of pyritic sulfur in coal, has
been reported extensively in the literature. One possible method that has been
proposed, but not studied extensively is the use of soft x-rays 32 However, the
use of soft x-rays in conjunction with other techniques has been studied and
has shown some success. The scanning electron microscope-energy
dispersive x-ray technique (SEM-EDX) is an example of a combined technique
that has been reported as a possible method of direct organic sulfur
determination. This method uses an SEM to excite the atoms present at the
surface of the coal. The excited atoms then emit x-rays which can be detected
and used to identify the atoms from which they came. The amount of organic
sulfur in the coal is then calculated by subtracting the number of mineral sulfur
counts from the total sulfur counts and relating the difference back to organic
sulfur present in the coai. The mineral sulfur counts are identified by the
composition of the material around the sulfur atom. Specifically, if the amount of
iron and/or calcium present near the sulfur atom exceeds specified limits then it
is assumed to be a mineral form of sulfur. The serious problems that can be
1
!dentified with this method are the lack of aa-eement about its accuracy and the
cost of the equiptnent and analysis.33 34
Another proposed technique is the use of low temperature ashing
procedures followed by the collection of the sulfur dioxide gas that is produced
Since the principle of low ternoeratu'e ashing is that no mineral sulfur
containing compounds are altered, all the sulfur dioxide gas produced comes
from organic sulfur containing compounds. The amount of this gas is then used
to determine the amount of organic sulfur in the coal A problem with this
method is the trapping of the sulfur dioxide by the ash/mineral matter present in
the coal to form sulfates. A second problem associated with low temperature
ashing is that some pyritic sulfur car be converted to sulfur dioxide under the
conditions required to maintain the _ "en plasma It is believed that these two
problems are the source of errors vv i lee this technique is used.35 A third
problem, which is not related to the accuracy of the method, is the length of time
needed for the analysis of a sample. A typical low temperature ashing process
will take at least three days. A possible improvement of the low temperature
ashing method which has not yet been reported on is the measurement of the
total sulfur remaining in the low temperature ash residue This value could then
be subtracted from the total sulfur in the raw coal to yield an estimate of trie
amount of organic sulfur in the coal. However, the problem with long anal\ L. s
time would still be a factor in determining The success of this method.
A fourth technique. wt- .'h was proposed by J.T. Riley and GM. Ruba.
involves the extracting of the coal sample with 2 M nitric acid to remove the
mineral forms of sulfur. The sar p:e is then washed with hot water and dried in
a r)i:ro n atmosphere. The dried coal can then be analyzed to determine the
total sulfur remaining in the residue. The remain:ng sulfur ,s assumed to be
20
organic sulfur.36 This technique offers the advantage of allowing the amount of
mineral sulfur to be determined by converting the pyritic sulfur extracted to
sulfate and collecting it (and any original sulfate present) as barium sulfate.37
This method has been shown successful in analyzing physically cleaned and
chemically desulfunzed coals.
There is one significant proposed procedure for a complete forms cf
sulfur determination. This method, which was proposed by McGowan and
Markuszewski, allows the determination of not only sulfate, pyritic, and organic
sulfur, but also the amount of sulfide forms of sulfur present in the coal. In this
:_rocedure various strengths of perchloric acid are used to oxidize the sulfur
compounds to sulfates. After the sulfate, pyritic, and sulfide types
've been selectively removed and collected, a mixture of concentrated
phosphoric and perchloric acids is used to oxidize the organic sulfur, thus
allowing it to be trapped and the amount of sulfur determined.38
C. Need for a New Method for Coal Sulfur Forms Determination
There have been many proposals for new methods of direct
determination of a specific form of sulfur in coal and for a complete forms of
sulfur determination procedure Even with these proposals, the ASTM standard
has not been replaced or significantly modified in the past several years. The
reason it has not been replaced is that no procedure has clearly and
convincingly proven to be superior to the accepted method. This is not to say
that the method is without its share of problems. In this section, the researcher
will outline the problems associated with ASTM D 92
First, and perhaps most importantly, is the problem of accuracy Errors in the
sulfate sulfur determination can be introduced due to the adsorption of other
21
materials on the barium sulfate crystals. because of inadequate crystal growth
time before the solution is filtered, and due to the extraction of some pyritic
material when the hydrochloric acid is added to extract the sulfate The amount
of pyritic sulfur determined by this method can be called into question since
several researchers have reported that rot all of the pyrite is removed during
the nitric acid extraction step. Additionally, any non-pyrite iron that is not
removed from the coal during the hydrochloric acid extraction can be detected
as pyritic iron when the nitric acid extract is analyzed. A third source of of pyrite
errors is, as mentioned before. the fact that some pyritic material can be
extracted by the hydrochloric acid used to extract the sulfate from the coal.
Therefore, the amount of organic sulfur present, as measured by D 2492, Is
certainly not accurate, since when the subtraction is done, any errors made in
the sulfate or pyritic determination steps vvill affect the amount of organic sulfur
reported. An additional problem with the accuracy of the organic sulfur results
is the presence of other mineral sulfur and elemental sulfur forms. Since these
forms are not measured directly by any of the procedures, but are included in
the total sulfur present, these forms are reported as organic sulfur.39 40 41
A second problem is that the length of time required from the starting of
the analysis to the reporting of results is at least two days. Also, the procedure
does not offer many places where automation or computer controlled devices
can free the analyst to do other tasks. A third problem is the cost of supplies
and disposal of waste material generated by the procedure.
With mese factors in mina, it is obvious why many different workers have
tried to develop new methods for forms of sulfur determination. In the
Experimental part of this thesis a new method that nas shown promise in
preliminary studies at Western Kentucky University will be presented This
22
method, while not perfect, does attempt to speed up the time required for forms
of sulfur determination without a loss in accuracy.
D. Current Methods for the Determination of Sulfur in Ash
The presence of sulfur in coal is not limited to the raw. unburned material;
the ash produced by coal combustion will also have a significant sulfur content.
There is thought to be at least two sources of this sulfur in the ash. First, sulfur
dioxide and sulfur trioxide which are trapped by the ash during the combustion
process can be converted to stable sulfates and second the original sulfate
material present in the raw coal. Just like the sulfur in the raw coal, it is
important that the amount of sulfur in ash be determined. Currently there are
two methods that are ASTM approved: D 1757, mentioned previously, and
D 5016, "Test Method for Sulfur in Ash from Coal and Coke Using High
Temperature Tube Furnace Combustion Method with Infrared Absorption."
These two methods are described below.
Method D 1757 contains three alternative procedures. The procedures
differ only in how the sulfur is converted to a sulfate form, at which time the
sulfate anions are precipitated as barium sulfate by the addition of barium
chloride. The amount of barium sulfate formed is then determined and this
amount related back to the amount of sulfur present in the ash. In the first
alternative procedure, the ash sample is extracted with boiling 1.2 M
hydrochloric acid to dissolve the sulfate and the iron containing compounds in
the ash. The iron is then removed from the extract by precipitation with
concentrated ammonium hydroxide and filtering. To this filtrate is added the
barium chloride solution and the barium sulfate precipitate collected after
allowing the solution to stand overnight. In the second alternative method given
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in D 1757. the ash is mixed with Eschka's mixture and heated to 800°C
Eschka's mixture traps any sulfur oxides produced during the heating of the ash
by converting the oxide to either magnesium or sodium sulfate. The residue
containing the magnesium or sodium sulfate is then dissolved in hot water. and
after further work-up, the sulfate is collected as barium sulfate by the addition of
barium chloride. The third method requires that the ash be fused with sodium
carbonate and potassium nitrate to trap the sulfur by converting it to the sulfate
form. The fused mass is then dissolved in water and the sulfate collected by
precipitation with barium chloride.42
ASTM standard D 5016 is essentially the same procedure as the infrared
absorption method used to detect sulfur in whole coal samples that is described
in D 4239. The asn sample is burned in a high temperature tube furnace with
an oxygen atmosphere. The sulfur dioxide gas produced is collected and the
amount determined by measuring the decrease in the infrared radiation passing
through the cell to the detector. The amount of sulfur dioxide detected is then
related to the amount of sulfur that was present in the ash.43
Except for the use of x-ray fluorescence techniques, few other methods
nave been proposed Tor use in the determination of the amount of sulfur in ash
in the x-ray fluorescence method, D 4326, the ash is fused with lithium
tetraborate to make a pellet and the pellet analyzed to determine the amount of
sulfur oxides present. The accuracy ot this method has not been proven
conclusively at this time due to speculation that sulfur is lost in the
process. In addition, its use has remained somewhat limited due to the cost of
the instrumentation.
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E Need for a New Method of Determining Sulfur in Ash
There are three identified problems with the method D 1757 as it is
currently accepted. The first significant problem is the time involved to analyze
a sample using any one of the three alternatives described in the method.
Since all three alternatives require that the barium sulfate crystals be allowed to
grow for several hours, if not overnight, the total procedure can take up to two
days to complete. This time is in addition to the time needed to ash the sample.
The second problem is the incomplete extraction/trapping of the sulfate when
using the second or third alternate procedure. In conjunction with this concern,
there is the problem of extracting/trapping impurities that are not desired when
these procedures are used.44
ASTM Method D 5016 is not without problems also. Problems that have
been discussed in relation to this method are tne iack of good. easy to use
standards, the need for a promoter to shorten the analysis time, and the need to
maintain accurate conditions so that all the sulfur present is converted to the
sulfur dioxide form. Additionally, there are many types of ash produced during
coal usage. An accurate and trusted method is needed that will successfully
analyze these different types of ash. In the Experimental section of this paper a
sulfur in ash determination method that addresses some of the problems
associated with the current ASTM methods will be described 45
Reactions of Sulfur C:intaining Compounds During Combustion
The topic of wr. -iappens to sulfur containing compounds during coal
combustion has. extensively studied and debated by several different
researchers. The goal of this work has been to understand enough about the
combustion reaction so that sulfur species can be identified in the whole coal
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and selected species removed before combustion or their products removed
after combustion In simplest terms, during combustion most sulfur containing
materials are converted to sulfur oxides. principally sulfur dioxide and sulfur
trioxide. Typically, some small amounts of sulfate containing material forms
during combustion and these compounds get trapped or concentrated in the
coal residue
In several different studies it has been shown that by controlling the
temperature at which the sample is heated, sulfur containing products can be
evolved from the coal and their source identified. The first widely published
study of this type was done by Attar and coworkers in the late 1970's. This
group used a catalyst and hydrogen gas to reduce sulfur containing compounds
and evolve hydrogen sulfide from tne coal. By comparing the results from
whole coal samples with mode! compound test results, the workers were able to
identify hydrogen sulfide being produced from mercaptan, thtophenolic,
aliphatic, thiophenic, and pyrit:c groups ,n the coal " In another important
study. LaCount and coworkers used temperature programming with oxidizing
conditions to evolve sulfur dioxide from the coal. The sulfur dioxide was
detected by FT-IR techniques and, after comparison of the whole coal sample
results with model compound results, sulfur dioxide coming from pyrite. sulfate,
aromatic, and aliphatic sources could be identified.45 A third technique that has
been successful in determining where Sulfur Oxides have evolved from is K
edge x-ray absorption near edge structure spectroscopy (XANES). Two groups
of researchers, Gorbaty with coworkers and Huffman with coworkers, have
presented their results that show the evolution of sulfur oxides from aliphatic.
aromatic, and pyritic groups in the whole coal.46.47 A fourth technique that has
been described involves using a thermogravimetric analyzer in combination
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with either an FT-IR or ion chromatography instrument.48 Several other
techniques and variations have also been used to detect sulfur evolved from
coal includ,ng mass spectroscopy49 50, XANES using sulfur L edge instead of K
edge51 high pressure temperature programmed reduction52, and others
referenced in LaCount's paper 53 Most applicable to the work done for this
project are the results reported by LaCount and Shao Their work will be
described in more detail in the discussion that follows.
The LaCounts group has used both single sample and multi-sample
controlled atmosphere programmed-temperature oxidation instruments
(CAPTO) to study ;he evolution of sulfur dioxide from the coai sample. In some
of the most recently published results of their work the samples were heated to
10000C at a rate of 30C per minute while in a 100 milliliter per minute oxygen
flow. The sulfur dioxide gas which evolved was then detected by an FT-IR set at
the sulfur dioxide absorption of 1350 cm-1 . Results on -60 mesh samples mixed
with an appropriate diluent showed that from approximately 26000 to 3000C
non-aromatic organic sulfur containing groups are oxidized. This conclusion
was supported by the presence of carbon dioxide in the gas stream.
presumably from the carbon structure in the compounds. and by an increase in
the aromatic nature of the residue. At temperatures between 39000 and 4100C
aromatic sulfur containing groups are oxidized as evidenced by the presence of
carbon dioxide in the gas stream At temperatures between 43000 and 4800C
the oxidation of pyrite is observed, and at approximately 58000 the sulfate
group is oxidized 54
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The work done by Shao involved the study of gases released during the
pyrolysis and combustion of coal samples. In this study the samples of coal
were heated form 200C to 8500C in a 50 milliliter per minute nitrogen or air
flow. The heating rate was 100C per minute.55 The results of the pyrolysis in
nitrogen study showed sulfur containing gases (H2S, COS, and S02) being
released mainly between 2500C and 6500C with peaks from the organic and
pyritic sulur being identified in the graphs obtained for all three principal gas
products.56 In the combustion part of the project, the sulfur containing gases,
SO2 and COS, evolved in the temperature range 2500C to 6500C. When these
gases were analyzed, sulfur from organic and pyritic sources could again be
identified. Specifically. in the sulfur dioxide evolution graph. aliphatic sulfur
compounds decomposed at approximately 2800C, aromatic sulfur compounds
decomposed at approximately 3400C, and pyritic sulfur compounds
decomposed at approximately 4400C.57 Shao's thesis also includes a review
and discussion of the reactions that are believed to be taking place that result in
the evolution of these different species.
In studies of this nature it is difficult to an exact temperature for the
oxidation of the different sulfur containing groups due to the fact that the
oxidation temperature is dependent on the flow rate and other experimental
conditions. Even though tne temperature of the oxidation of specific groups will
vary, the order of evolution will remain the same, and each should still be
distinguishable. It is on this basis that we have conducted our work and
developed the framework needed to design a procedure for the coal sulfur
forms determination using temperature induced oxidation of the coal sample
II EXPERIMENTAL
A Coals. Ashes, and Salts Selected
The coals selected for this project came from the Western Kentucky
University 'T. , al and Fuel Laboratory Bank of Coal Samples. This bank of
sai-,-iplEais consists mainly of coals acquired by the University for various research
projects. The coals vary in rank as shown in Table 1. A listing of the ASTM
0 2492 dry basis forms of sulfur values for each of the coals is given in Table 2.
The samples 85092, 85089, 82042, 82044. 85001, and 85002 were the first set
of coals. The coals 85088, 86026, 86040, 86041, 92072. and 92073 were the
cond set. The third set were coals 89020, 89021. 89022, 89023. 89024,
90003. and 90008.
The ash and salt samples used in the development of a method for
determination of sulfur in ash are shown in Table 3. Also included in this table
are the ASTM percent sulfur values of the ash samples and a listing of the
supr'. n of the salt samples that were used
pin nents/Chemicals Used
For the study of coal samples, two furnaces were used to preheat the
samples These furnaces were the Fisher isotemp 495A Programmable
Furnace and a specially constructed LECO tube furnr th a Trans Term
Computer Controller. After preheating, 3,! -6ames weie ,:toalyied using a
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Table 1. Coals Used in Coal Sulfur Forms Metnod Development
Sample Number Rank Seam Soucce
82042 hvC0 Star Coal #3 Butler Co., KY
82044 hvBb Star Coal #2 Butler Co., KY
85001 Anthracite Ad Coal Elizabethville, PA
85002 Serni-Antn. Ad Coat Elizabethville, PA
85089 hvCb Fannin, TX
85092 Lignite-A Pros Coal Saskatchewan, Canada
85088 Lignite-A Jourdanton, TX
86026 mvB Pocahontas #4 McDowell Co., WV
86040 mvB Upper Kittanning Clearfield Co., PA
86041 mvB Lower Kittanning Cambria Co., PA
92072 hvCb Hopkins Co., KY
92073 hvCb Retiki Coal #9 Hopkins Co., KY
89020 hvBb Herrin #6 Seam Illinois
89021 hvCb Colchester #2 Seam Illinois
89022 hvBb blend (80% IL#5 and 20% IL#6)
89023 hvCb Herrin #6 Seam Illinois
89024 hvCb Springfield #5 Seam Indiana
90003 hvCb Herrin #6 Seam Illinois
90008 hvCb Herrin #6 Seam Illinois
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Table 2. ASTM D 2492 Dry Basis Values for Coals Used in Study
Sample NurnbeT
ASTM D 2492 Values
%S(oyritic) °,/oStsultatel c'....6S(organic)
82042 0.98 0.06 0.75
82044 0.91 0.10 079
85001 0.30 0.02 0.41
85002 0.29 0.0 0.19
85089 0.16 0.03 0.16
85092 0.81 0.04 0.01
85088 0.41 0.09 2.59
86026 0.20 0.01 0 46
86040 0.11 0.02 0.46
86041 0.81 0.36 1.07
92072 2.03 0.09 2.28
92073 2.48 0.20 2.02
89020 1.31 0.06 2.92
89021 1.94 0.40 0.98
89022 1.00 0.08 1.16
89023 2.31 0.13 1.90
89024 1.71 0.13 2.03
90003 0.35 0.07 075
90008 1.56 0.65 2.09
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Table 3. Ash/Salt Samples Analyzed for Sulfur in Ash Method Development
Ash/Salt
005 Value








900309 RTM 5 44
NIST 1633A 0,18
Iron(11) Ammonium Sulfate MCB/Reagent
Calcium Sulfate Aldrich/Reagent





LECO SC-432 sulfur analyzer which had been standardized using the
appropriate LECO standards selected from the list shown in Table 4. in some
parts of the project a moderator was used during tne preheating stage Two
moderators were tested for possible use: LECO Corn-Aid for Liquids (A1203)
and Fisher Reagent grade, -140 mesh, siiicon dioxide. For the ash samples, the
LECO SC-432 sulfur analyzer was used in the analysis. The standard used to
calibrate the instrument was M.CB reagent grade iron(II) ammonium sulfate
nexanydrate. Additional metal sulfates tested as potential standards and their
grade are as described in Table 3. A promoter used in the analysis of the ash
samcles was J. T. BaKer decoiorizing carbon. The chemicals and equipment
used in me analysis of samples by ASTM procedures conformed to the
specifications outlined in the standard being used.
C Procedure
The final procedure developed fcr he forms of sulfur determination is
outlined below.
1. Prepare bulk samples according to ASTM D 2013
2 Ar accurately weighed sample with mass between 0.18 and
0.21 grams is placed in an SC-432 analyzer crucible. The
crucible is tnen placed in a LECO tube furnace tnat has been
preheated to 3650C, and allowed to heat for thirty minutes. The
timer should be started as soon as the furnace returns to the set
temperature following the insertion of the sample. The air flow
through the furnace should be 1.2 scfh
3. After heating, the sample is removed from the furnace and
allowea to cool to room temperature in a dessicator. When the
sample is cool, it is analyzed using the SC-432 to determine the
amount of sulfur remaining in the residue
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4. The same procedure is followed for another sample of the
same coal, except it is heated at a temperature of 4400C.
5. To determine the amount of pyritic sulfur in the coal, the amount
of sulfur in the residue of the sample heated at 44000 is
subtracted from the sulfur remaining in the residue of the
sample heated at 3650C.
6. The amount of organic sulfur is then determined by difference
using the ASTM D 2492 value for the amount of sulfate sulfur in
the coal. The equation for this is shown as Equation 7 in this
tnesis.
The final procedure developed for the determination of sulfur in coal ash
is outlined below.
1 The ash is prepared according to ashing directions in ASTM
D 3174.
2. The SC-432 instrument is calibrated using iron(11) ammonium
sulfate as the standard and the modified weight procedure
described in the next section of this paper.
3. An ash sample of approximately 0.2 grams is accurately
weighed and then mixed with carbon in an approximate 1:5
ratio. The weight of the sampie should be entered into the
instrument program and not the total weight of sample plus
carbon.
4. The sample and carbon are then mixed by stirring and the
sample analyzed in the SC-432.
5. After analysis the percent sulfur in the ash is calculated
using Equation 8.
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(%S (m) X WA] - [%S (c) X WC] 
%S (cal) - (8)
WA
°6S (cal) = percent sulfur calculated to be in the sample
%S (m) = percent sulfur measured by instrument
WA = weight of ash sample
%S (c) = percent sulfur in the carbon promoter
WC = weight of carbon added to the sample
III. RESULTS AND DISCUSSION
A Data Collected During the Forms of Sulfur Method Development
In Tables 5 and 6 are tne results obtained using the conditions outlined
in the Experimental section of this paper for tne forms of sulfur determination.
Data for the sulfur in ash method development will be outlined latter in this
section. The data indicates that we have been successful in developing a
method that will provide results comparable with the currently accepted ASTM
procedure. Two graphs showing the experimentally determined pyritic and
organic sulfur values plotted with the ASTM values are shown in Figures 7 ar,-
8. These graphs indicate that the experimentally determined values are withir,
the repeatability interval (outside lines) defined by the ASTM method
B. Problems Encountered During the Forms of Sulfur Method Development
Significant piobiems were encountered at aimost every step in the
development of this procedure for the forms of sulfur determination. This
section will outline tne problems. data collected to verify the problems. and the
steps taken to correct the specific problems that were encountered
The initial conditions selected for study in the project were based on
previous work done at Western Kentucky University. The conditions involved
using the Fisher lsotemp 495A furnace to preheat the samples at 3200C and
4500C for thirty minutes. Additionally any samples which needed a moderator
to prevent them from flaming during the heating were mixed with Corn-Aid for
35
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Table 5. Data Collected to Verify Accuracy of Method Developed Using
Second Set of Samples
°,40S lost %S lost
Sam_Me. %S (ad) °/0S (dry) at 365C Average at 440°C Average
85088 2.39 305 1.01 1.02 1.39 1.38
1.02 1.38
86026 0.67 0.68 0.12 0.12 0.42 0.40
0.13 0.38
86040 0.58 0.59 0.09 0.10 0.38 0.37
0.10 0.36
86041 2.20 2.24 0.73 0.71 1.64 1.64
c;9 1.64
92072 3.97 4.39 1.90 1.89 3.75 3.78
81 3.82
1.97
92073 4.24 4.67 1.79 1.74 3.84 3.83
,F9 3.82
%S (ad) %S (dry) %S (ad) %S (dry)
Sample pyritic pyritic organic organic
85088 0.36 0.46 1.96 2.50
86026 0.28 0.28 0.38 0.38
86040 0.27 0.27 0.29 0.29
86041 0.93 0.94 0.92 0.94
92072 1.89 2.39 2.00 2.21
92073 2.09 2.30 1.97 2.17
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Table 6. Data Collected to Verify Accuracy of Method Developed Using
Third Set of Samples





89022 2.18 2.24 0.96 0.97 1.99 2.01
0.98 2.03
89023 4.08 4.34 1.50 1.47 3.65 3.64
1.44 3.62
89024 3.74 3.87 1.89 1.82 3.52 3.52
1.74 3.51











89022 1.04 1.07 1.03 1.05
89023 2.17 2.30 1.80 1.91
89024 1.70 1.76 1.93 2.00
90003 0.50 0.52 0.55 0.57
0.5 1 1.5
ASTM D 2492 % S
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Liquids in an approximate 1:11 ratio of coal to Corn-Aid The first significant
problem encountered was in this choice of a moderator for the preheating steps.
The use of Corn-Aid for Liquids, A1203, was believed to De acceptable based
on the preliminary work done in this lab and because it is sold as a moderator to
be used in the total sulfur determination of liquids by instruments such as the
50-432 that we would be using What had not been investigated was the
benavior of the Corn-Aid in the preheating steps, it was at this point that
problems were encountered. It was determined that when the coal/Com-A
mixture is heated there can be s!gniticant "trapping" of the sulfur oxide gases by
the Com-PA. This "trapping is verified by the increase n percent sulfur
remaining in the residue after preheating at 3200C and 45000 The data to
support this is shown in Table 7 The values given in the table are for coal
82044 after preheating for tnirty minutes. These numbers represent as-
determined averages of two or more repeatable runs. It should be notea that
the variation in sulfui remaining in the residue is not caused by calibration
errors. The instrument was calibrated using the appropriate standards from
Table 4 mixed with Corn-Aid in a similar ratio to the samples being analyzed. In
addition the calibration was checked periodically to detect any calibration
In an attempt to prevent this "trapping.' of the sulfur oxide-, 'oderator
was switched to silicon dioxide. Silicon dioxide was seiected si, a does not
commonly form stable sulfates. A sample. coal 82044, was then tested at
various rat.os of silicon dioxide to determine if would be an appropriate
moderator The as-determined averages of at least two repeatable runs at each
iatio are shott: below in Table 8 These represt7,i1tative values were obtained
after the samples haa been heated for thirty minutes at 45000. This data
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Table 7. Effect of Corn-Aid on Percent Sulfur Remaining in Samples
After Preheating









Table 8. Results of Silicon Dioxide Moderated Runs
at 4500C for Coal 82044















indicates that silicon dioxide would not trap the sulfur oxides if it were used as a
moderator in the preheating stage of the procedure.
The second significant problem encountered was determining the correct
ratio of coal to moderator that should be used. To make that determination, the
data collected from samples of coal 82044 that had been heated in coal to
silicon dioxide ratios from 1:1 to 1:12 was reexamined. When these values
were compared to values for the raw coal heated at the same temperature and
for an equal length of time, it was decided that no moderator would be needed.
It is believed that the flaming up of the samples has been prevented due to an
increase in the distance between each sample. However, the scattering of an
occasional individual run indicates that not all samples were prevented from
flaming by this change in spacing. The advantage of not using a moderator is a
decrease in the sample preparation time since the samples do not have to be
mixed with the silicon dioxide, which is a tedious, time consuming step.
The next major problem was to determine the length of time the samples
should be preheated. Samples of coals 82042 and 82044 were used in
attempts to solve this problem The samples were heated at intervals between
three and forty minutes at three different temperatures. 40000, 43000. and
45000. The average percent sulfur remaining in the samples after heating is
shown in Table 9. The averages shown were calculated from at least two
repeatable runs at each condition. The dotted lines indicate conditions that
were rot tested, and all the values shown are on an as determined basis. This
data is also shown in graphic form in Figures 9 and 10. From this information it
was decided that a heating time of thirty minutes would be sufficient to drive on
the sulfur containing material that could be removed at tnat temperature
Table 9 Effect of Heating Time on Percent Sulfur
Remaining in Coal Residues




J 1.478 1 303 0 7256
10 0.537 0 439 0 336
15 0.394 0 2526 0 1718
20 0.3138 0 1339 0 1131
25 0 2509 0 129 0 1005
30 0.2371 0 0904 0 0789
35 0.2237 0.1046 0 0688
40 0.1868 0 0966 0.0703
3 1 581
r
J 1.393 1 16 1 135
10 1.028 0 6348 0 4922
15 0.6148 0.3364 0 2822
20 0.5301 0 265 0 1296
25 0.4332 0.1868 0.0860
30 0.4117 0.11 0 0647
35 0.253 0 1067 0 0683
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Figure 10. Percent Sulfur Remaining in Sample 82044 After Heating for Various Lengths of Time
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The next major problem was to determine the temperature needed to
drive off the appropriate type of sulfur containing material From previous work
it was known that a temperature of at least 3200C was needed to drive off most
aliphatic organic sulfur compounds and that pyritic sulfur could be driven off at
approximately 4500C. Our goai at this point was to use the second set of
samples to "fine tune" these temperatures in a way that would allow us to drive
off the organic sulfur at the low temperature and the organic plus the pyrite
sulfur at the higher temperature. To determine a starting point for the "fine
tuning process, samples of each coal in the second set were heated at 3200C
and 4500C for thirty minutes and the amount of sulfur remaining in the residues
determined. The amount of pyritic sulfur was then calculated as the difference
in the residue percent sulfur values at the two temperatures The values for
pyritic sulfur calculated from the as-determined results are shown in Table 10.
The data indicates that there is not a complete removal of the organic sultur
groups at 320°C. Therefore_ it was decided to try temperatures nigher than
32000 for the first preheating step and temperatures lower than 45000 for the
second preheating. The temperatures 37000 and 4400C were selected to be
tried next.
It was at this point that we began encountering significant variations in
the percent of sulfur remaining in the samples after preheating The cause of
these variations appeared to be the placement of the samples in the furnace
To verify this, samples were placed both in the "front" ang "back" of the turnace
and heated for 30 minutes at either 37000 or 4400C The as-determined
results of three coals tested are given in Table 11.
frJ
Table 10 Calculated Values for Pyritic Sulfur in Second
Set of Coal Samples







Table 11. Variations in Percent Su'fur Values Due to Position

































The data indicates that there is a significant difference in the sulfur
remaining in the residue for the "front" samples compared to the "back"
samples. This difference was believed to be caused by unequal heating and/or
atmosphere effects. In an attempt to prevent these effects, samples of coal
86041 were mixed with silicon dioxide in ratios varying from 1.1 to 1•15 and
then preheated for thirty minutes at either 37000 or 4400C in the "front" or
'back" of the oven. The as-determined results of these samples at 3700C are
shown in Table 12. Data show ,ng a similar trend was obtained after heating at
4400C. This data indicated that the Fisher lsotemp 495A furnace that had been
used up to this point in the project would not be acceptable for the more
accurate work that we would need to do for this project.
The furnace selected for the next part of the project was a LECO tube
furnace with a Trans Term Computer Controller Interface. This furnace was
selected because it allows the control of not only the temperature, but also tne
flow rate of air through the furnace. The first task with this new setup was to
check the calibration of the tnermocoupleiinterface device and construct a
calibration curve so as to insure that accurate temperatures were being
obtained. The data for this grapn, which is shown in Figure 4, is given in Table
1 3. The thermometer used in tnis calibration was an ASTM Flash Point
deteimination approved thermometer.
The next question to be answered was how many samples could be
successfully preheated at one time in the tube furnace. Originally three
samples Ne:-.:.") tried, but that number was not acceptable due to the "position
effects" on the amount of sulfur remaining in the residue. This variation in the
results is illustrated for Coal 86041 in Tabie 14 When just two samples were
Table 12: Variation in Percent Sulfur Data Due to Position in Furnace
for Silicon Dioxide Mixed Samples at 3700C
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Figure 11. LECO Tube Furnace Temperature Calibration Graph
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Table 14. Variation in Percent Sulfur Data Due to Position in
Trans Term Furnace
Crucible Number °0S (ad) Crucible Number %S (ad)
1 1 590 1 0.8048
2 0.9107 2 0.9170
3 1.023
tried the "position effects" were again observed These "position effects" are
illustrated for sample 86041 in Table 14 also It was then decided that only one
sample at a time could be accurately heated and that this sample should be
positioned 24.5 centimeters from the front of the tube.
Two crucial variables still needed to be investigated before we could
attempt a study of the values obtained at the "best" conditions with the ASTM D
2492 values. These variables were the flow rate and temperature To
determine the best flow rate, sampies of coal 85088 were heated at 4400C for
30 minutes and the flow rate of air through the furnace varied The average as
determined results for at least two repeatable runs at each flow rate are oven in
Table 15. From the ASTM data, the sulfur value we expected to measure was
0.98%. From these results, a flow rate of 1.2 was selected. What should be
noted is the closeness of tnese values to each other; to investigate the general
effect of flow rate on the percent of sulfur remaining in tne sample, an -arbitrary"
temperature was selected and the flow rate varied. The sample selected. coal
92072, was heated for 30 minutes. The as-determined results are shown in
Table 16.
The remaining variable, temperature, was then investigated. ihe value
of the first preheating temperature was determined by a temperature study of
coal 92072. The results of this study are given in the Table 17. The flow rate of
-s
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Table 15. Effect of Flow Rate on Percent Sulfur Values for
Sample 85088 at 4400C







Table 16. General Effect of Flow Rate on Percent Sulfur
Remaining in a Sample












Table 17 Temperature Study of Sample 92072




















air used in this study was 1.2 The results shown are as-determined values
From the known ASTM values, the expected amount of sulfur remaining in the
residue was 2O8°0 Based or the results obtained, a value of 3650C was
selected as the temperature for the first preheating.
A value of 4400C was selected for the second preheating step due to the
encouraging results obtained previously and because a temperature of at least
44000 is needed to decompose the pyritic material.
This point concludes the outline of how the "best" conditions were
obtained for the forms of sulfur method development. This discussion of the
problems encountered and solved is not exhaustive but does attempt to
describe the most important problems encountered and their solutions. Many of
the other problems that were encounterec during this method development
were related to the operation of the SC-432 sulfur analyzer and other
equipment: these problems will rot be discussed in this thesis
C Advantages of New Method for Forms of Sulfur Determination
This method offers three advantages over the ASTM D 2492 procedure
First. the time required for the determination of pyritic sulfur in coal has been
reduced to less than one hour compared to several hours for the ASTM method.
Second, the repeatability of the method for pyritic sulfur has been improved to
0.05% for coals with less than 2.0% total sulfur and 0.100 for samples with
greater than 2.0°0 total sulfur while still maintaining values within the ASTM
reproducibility range for pyritic sulfur. A third advantage is a reduction in the
total cost of the analysis due to the need for fewer chemicals and because there
are fewer waste products to be removed from the laboratory
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D. Data Collected During the Sulfur in Ash Method Development
In Table 18 are the results obtained using the conditions described in tne
Experimental section of this paper for the sulfur in ash determination procedure.
The results are given on an as-determined basis. The data indicate that this
method is as successful as the ASTM D 5016 method in determining the
amount of sulfur in coal ash
E. Problems Encountered During the Suifu: in Ash Method Development
In the development of the sulfur in ash determination procedure several
significant problems were encountered, three of which will be discussed in this
section of the thesis. The first problem was the selection of a standard. From
discussions with other researchers, and previous work done at the university, it
was decided to use iron(II) ammonium sulfate hexahydrate as the standard.
Two points led us to this decisicx, first, the salt is known to thermally
decompose quickly and cleanly, and secondly, it is commonly available as a
standard reference material.
The second problem was how to use this standard in the calibration
process. In the past, to make standards of different sulfur concentrations from a
salt, the salt was mixed with an appropriate an, .it of ai.,ent, usually Corn-Aid.
When this was attempted with tne ironk11) ammonium sulfate hexahydrate, a
homogeneous m:xture could not oe obtained. This problem is indicated by the
questionable results obtained by repeat analysis of a calibration "standard with
a percent sulfur value of 0.505%. The results are snown in Table 19 It should
be noted that the instrument had been ca;ibrated using three iron(II) ammonium
sulfate "standards'. of value 0.505, 1.125, and 1 995% sulfur before these runs
were made. To solve the problem of heterogeneous standards, tt was
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Table 18. Results of Ash Samples Analyzed Using a
Modified Weight Calibration Procedure
































decided that we would attempt to modify the weights entered into the operating
program of the sulfur analyzer to simulate a homogeneous standard with a
specific, calculable, percent sulfur. This modification would be done by
multiplying the weight of the pure salt used by a factor. The amount of sulfur





°!0S (app) = percent sulfur that will appear to be in the sample
SW = weight of iran(ll ammonium sulfate hexahyarate used
16.36°/0S = percent of sulfur in iron(II) ammonium sulfate hexahydrate
(9)
The standards and factors used to simulate them are listed in Table 20. Before
calibrating the instrument with this method. several of these simulated
standards were checked by analyzing them using the calibration obtainea from
the salt/Corn-Aid mixed "standards " The intent was to determine it this
procedure would be workat!e in terms of instrument and balance operation
since small amounts would nave to be used to keep the samples weights and
sulfur percents in the range acceptea by the SC-432. The results of the
individual runs for these samples are shown in the Table 21.
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Table 21. Results Obtained to Determine the Feasibility
of Modified Weight Standards
Wt. Sample Factor O/oS (ad) O/oS (app)
0.0519 3 5.471 5.453
0,0507 5.475
0.0335 5 3.353 3.271
0.0323 3.321
0.0202 10 1.653 1.636
0.0531 1.618
0.0493 1.632
0.0499 20 0.8090 0.8178
0.0534 0.8087
0.0449 50 0.3243 0.3272
0.0444 0.3296
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It appears from these data that the process of entering mod Wed weights into the
SC-432 program is feasible and produces more repeatable results than does
diluting the salt with Corn-Aid. With the improvements obtained by using
undiluted salts, it was dec.ded that the SC-432 should be calibrated using this
modified weight method and other samples analyzed to determine if this
procedure would be successful_ Two "new" samples were selected to comprise
this first set of samples to be analyzed on the SC-432 after calibration by this
methcd. The two samples were NIST 1633A, fly ash standard, and iron(II)
ammonium sulfate samples with -random" factors selected to simulate samples
of unknown sulfur concentration. The analysis of these samples proved to be
accurate as the individual runs shown in Table 22 indicate.
A third problem encountered was the length of time required for the
completion of the SC-432 analysis. This problem is caused by the slow
evolution of sulfur from the saltiash sample. This problem is indicated in Figure
12 which shows a trace of the rate of sulfur dioxide evolution from potassium
sulfate with time as determined by the SC-432. The amount of time can be
reduced by the use of a promoter. In previous work done by many researchers,
vanadium pentoxide had been used as a promoter with some success, but due
to safety concerns a better promoter was needed. It was decided that carbon
would be tested to see if it vvouid be effective in promoting the evolution of sulfur
from the samples. As tne analysis trace of potassium sulfate mixed with carbon
shown below in Figure 13 indicates, it did decrease the time needed for the
analysis. The next step was to decide what ratio of carbon to use. A series of
potassium sulfate/carbon ratios were tried. The as-determined results of these
runs are given in Table 23. It should be noted that the weight of ail salt samples
used were multiplied by a factor of ten before being entered into the SC-432
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Table 22. Results for First Set of Samples Analyzed Using
Modified Weight Calibration
Sample Factor Q0S Lad) °0S(actual)
NIST 1633A 1 0.15 0.18
1 015
1 0.14
Iron(11) 15 1.0990 1.0907
Ammonium 25 0.6576 0.6544
Sulfate 35 0.4659 0.4674
42.9 0.3750 0.3814
Table 23 Results of Various Potassium Sulfate/Carbon Ratios
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operating program to keep the percent sulfur values in the calibration range and
the sample weights within the instrument requirements Using this process, tne
percent sulfur in potassium sulfate is 1.84 From these results, it was decided
that a ratio of 1:5 would be sufficient to speed up the evolution of the sulfur
dioxide without slowing the preparation of samples as the use of larger ratios
would. The carbon was then used in the analysis of the ash samples and the
time required for the analysis compared to the time required when no prdinotr
was used. This data. summarized in Table 24 shows that the carbon is
successful in reducing the time reedea to determine the sulfur in coal ash For
comparison, there are complete sulfur dioxide evolution traces for promoted
and non-promoted samples shown in Appendix 1 Another vanabie that was
manipulated tc, hopefully, decrease the analysis time of the ash and salt
samples was the lance delay time. The lance delay is the length of time into the
analysis run when the instrument turns on a second oxygen flow to complete
the combustion of the sample. In our studies there was no improvement in the
analysis time or accuracy when the lance delay was varied. Lastly. the use of
carbon as a promoter prompted us to investigate the use of coal as a potential
promoter. In this part of the project a coal standard of known sulfur percentage
was mixea with the ash in similar ratios to that used for the carbon promoter
The data obtained indicated that coal would be an effective promoter. but with
no significant improvement in tne vaiues obtained, it was decided, therefore,
because of the difference in cost of the carbon and coal standard, to continue
using carbon as the promoter.
As with the forms of sulfur method development, this is not a complete
listing of the problems encountered but an overview of the most significaw and
the solutions that were used.
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Table 24 Comparison of Time Needed for Analysis Usino_
Cation and No Promoter
Time (sec) Time (sec)






900339 RTM 279 449
NSPCBA 266 240
BLP#1 271 345
F. Advantages of the New Method for Sulfur in Ash Determination
There are four important aavantages that th!s new method has over the
traditional ASTM procedures. One of the most significant advantages of this
metnoa is the reduction in time required for the analysis. After the coal ash is
obtained, the analysis can Pe completed in five minutes or less for most
samples. This analysis time is comparable with the ASTM D 5016 procedure
and significantly faster than the procedures describea n ASTM D 1757.
Another significant improvement is the use of the r
procedure in place of the salt/Com-Aid mixed "stanc.
modified weight calibration procedure reduces
d weight calibration
The use of the
'blems associated with
heterogeneous mixing of the salt and diluent. Tote ;-:irecision of this method is
also improved over that offered by the ASTM D 1757 and comparable to the
repeatability- of the D 5016 method. There is also a reduction in the cost of the
analysis compared to the wet methods ot D 1757 since fewer chemicals are
being used and less disposal of waste materia! is required.
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G Areas for Future Study
There are many questions about both of these procedures that still need
to be investigated Listed below are the topics that need to be considered in the
near future. First, for the forms of sulfur method that was developed.
Design of a new furnace that will allow more accurate control of the
temperature and flow rate of air within the heating zone.
2. Investigation of modifications to the procedure designed to distinguish
the aromatic organic sulfur from the aliphatic organic sulfur. This distinction
could possibly be obtained by a preheating step at approximately 3000C to
3250C.
3 Analysis of more samples which fail into the anthracite and lignite
classes to determine if any modifications in the procedure are required for the
analysis of these types of samples
4 Completion of the study currently underway on a new procedure for
sulfate sulfur determination
The sulfur in ash determination method questions that need additional
investigation are listed below.
1 investigate the effect the grade of carbon has on the results obtained
2. Analysis of a series of coai ash samples from the Library of Samples
at the University.
3. Study the effect variations in the ratio ot ash to coal have on the
analysis time of ash samples
IV SUMMARY
In this thesis has been described the work done at the Western Kentucky
University Coal and Fuel Laboratory to develop new methods for tne
determination of sulfur forms in coal and the amount of suitur in coal and coke
ash. The results obtained by the methods developed compare favorably with
the standard ASTM method values but with much less time and operator/analyst
activity. The forms of sulfur method involves heating a coal sample in a tube
furnace for 30 minutes at 36500 and another sample at 4400C ano then
determining the percent of sulfur in the residues that remain. The difference in
the residue sulfur values at 36500 and 4400C is the percent of pyritic sulfur in
the coal. This value combined with the percent of sulfate sulfur obtained after
extracting the coal with hydrochloric acid has allowed the calculation of the
percent of organic sulfur by difference The sulfur in ash method that was
developed has used iron(II) ammonium sulfate as a standard in a calibration
procedure that uses modified weights to simulate standards of various percent
sulfur values The use of modified weights has prevented the inhomogeneity
problems associated with the use of mixed salt/diluent -standards As with the
forms of sulfur method developed, this method of determining sulfur in coal ash
compares favorably with values obtained by accepted methods.
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V. APPENDIX 1
This section of the thesis contains Figures 14-31. These figures are
sulfur dioxide evolution traces for several different samples. These traces were
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Figure 16. Sulfur Dioxide Evolution from a Sample of Ash 1A Mixed with Carbon Promoter
21:38 Nov-02-93
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Figure 17. Sulfur Dioxide Evolution from a Sample o, sh 2B mixed with Carbon Promoter
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Figure 31. Sulfur Dioxide Evolution from a Sample of Ash BLP#1 Without Carbon Promoter
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